The observational detection of a localized reduction in the small planet occurrence rate, sometimes termed a gap, is an exciting discovery because of the implications for planet evolutionary history. This gap appears to define a transition region in which sub-Neptune planets are believed to have lost their H/He envelope, potentially by photoevaporation or core powered mass loss, and have thus been transformed into bare cores terrestrial planets. Here we investigate the transition between sub-Neptunes and super-Earths by using envelope evolution models of the H/He envelope together with the massradius diagram and a photoevaporation model. We find that photoevaporation cannot explain the loss of the H/He envelope if the super-Earths and sub-Neptunes have the same core mass distribution. We explore the possibility that these planets families have different core mass and find that the primordial envelope fractions of the strongly irradiated super-Earths and the sub-Neptunes at an age of 100Myr is ∼12% of their original mass. This agreement suggests that these two groups are part of the same primordial, parent population. Our analysis also shows that sub-Neptunes with R<3.5 R ⊕ typically lose ∼ 70% of their primordial envelope.
INTRODUCTION
In the last two decades we have seen a remarkable increase in the detection of exoplanets. In total, about 3946 exoplanets 1 have been confirmed orbiting stars with different masses, ages and spectral types (varying from M to A). Thanks largely to the NASA's Kepler mission we know today that hot-Jupiters, which were the first type of exoplanets discovered, are very rare, with an occurrence rate of only 1% (Cumming et al. 2008; Howard et al. 2012 ). On the other hand, small (1-4 R ⊕ ), low mass (≤ 20 M ⊕ ) and short period (P orb < 100 days) planets are the most common type of exoplanet known today. 2012). Numerous theoretical models (Owen & Wu 2013; Jin et al. 2014; Lopez & Fortney 2013 Rogers 2015; Owen & Wu 2017; Van Eylen et al. 2018) show that H/He envelopes of close-orbiting sub-Neptunes can be photoevaporated. The atmospheric escape occurs in a relatively short timescale (∼10 5 years), and results in a clear separation in the radius distribution between the bare cores and the planets that still hold an envelope (Jin & Mordasini 2018) . This is mainly because if a planet has an atmosphere of even 1% by mass, the presence of the envelope will have a large impact on the observed planetary radius (Lopez & Fortney 2014) .
Alternatively, atmospheric loss driven by a planet's internal luminosity, i.e., the core-powered mass-loss mechanism, can also explain the bimodal distribution of planets, even without photoevaporation (Ginzburg et al. 2018; Gupta & Schlichting 2019a,b) . The source of this internal luminosity is the planet's primordial energy from formation which can be comparable or even higher than the gravitational binding energy of its atmosphere. Like photoevaporation, core-powered mass-loss can also reproduce the observed bimodal distribution in planetary occurance radiis.
Analysis of the density-radius relation for small planets shows that terrestrial planets separate into two families with likely different formation histories (Swain et al. 2019) . One family of terrestrial planets, identified as T1, is Earth-like in composition and share a formation history compatible with the solar system. Another family of terrestrial planets, identified as T2, are denser and likely to be the remnant cores of planets that lost their primordial H/He envelopes. Here we extend the analysis from Swain et al. (2019) by investigating the hypothesis whether T2 planets are bare cores of sub-Neptunes, identied as SN, under photoevaporation. We estimate the evolution of the H/He envelope of the super-Earths and sub-Neptunes using the mass-radius diagram and a photoevaporation model. We show that these two populations have different core masses and similar primordial envelopes fractions. This paper is organised as follows. Section 2 provides details in how we use the mass-radius diagram to estimate the envelope fraction lost by the T2 planets and describes the photoevaporation model. Our discussions are present in Section 3, which includes an alternative method to investigate the self consistency that T2 planets are photoevaporated sub-Neptunes. Finally, Section 4 concludes the paper with our main results.
METHODS AND RESULTS
We use the mass-radius diagram from Zeng et al. (2019) together with photoevaporation models to in-vestigate the processes that shape sub-Neptunes into super-Earths. The mass-radius diagram shows that the T2 planets are consistent with a rocky composition. Whereas the sub-Neptunes may be consistent with an icy composition or are likely to hold a significant H/He envelope.
We base this study on the planet sample from Swain et al. (2019) and also adopt their criteria based on the radius-insolation-density relationship that separates terrestrial planets into two families, T1 and T2, and separates terrestrial planets from sub-Neptunes. We display these populations in the mass-radius diagram, and estimate the original envelopes of these populations by performing the following steps:
1. First, as the T2 are thought to be bare core planets, we assume that T2 and SN planets both have the same underlying planet core mass distribution.
2. We divide the SN planets into two groups using the 100% H 2 O composition curve in the mass-radius plane (see Fig.1 ). The SN above this curve are likely to retain anH/He envelope (SN>H 2 O, dark green triangles) and thus can confidently be considered sub-Neptunes. Whereas those below are in the transition region between sub-Neptunes to super-Earths. Planets in this region could be consistent with either an icy composition or have an H/He envelope (SN<H 2 O, light green triangles). Therefore, for our sample of sub-Neptunes in this paper we use only the SN>H 2 O planets because they are more likely to possess an H/He envelope.
3. Next, we use the average mass of the SN>H 2 O and of the T2 planets, which is indicated in Fig. 1 by the grey symbols. If T2 are the bare cores of sub-Neptunes, the difference in the averaged masses of these two groups is the current envelope mass of the SN>H 2 O (or the stripped envelope mass, in the case of the T2). We find this difference to be about ∼3 M .
To check the hypothesis that the T2 and SN>H 2 O planets have the same core mass distribution, we estimate if the T2 could have lost an envelope of ∼3 M using an envelope escape model based on photoevaporation. If the mass loss rate is X-ray driven, we use an energy limited evaporation model from Jin et al. (2014) , adopting the X-ray luminosity at 100 Myrs taken from Núñez & Agüeros (2016) according to the spectral type of the star. If the mass loss rate is in the EUV regime, we use the criteria discussed in Murray-Clay et al. (2009) . For high F EUV (> 10 4 erg cm −2 s −1 ) the mass loss rate is 'radiation/recombination limited', while for low F EUV Figure 1 . Mass versus radius diagram shows the different regimes occupied by the T2 (blue), SN>H2O (dark green) and SN<H2O (light green) planet populations. The grey symbols indicate the average mass of each population and their associated errors. SN>H2O can confidently be identified as small gas giant planets if they possess a significant H/He envelope. T2 planets can be confidently identified as envelope free (bares cores). The SN<H2O group occupies the transition region and is thus excluded from the analysis. Low insolation T1 terrestrial planets included for context.
(< 10 4 erg cm −2 s −1 ) the mass loss is energy-limited. The F EUV is calculated using a relation between X-ray and EUV fluxes from Chadney et al. (2015) . We discuss these models in greater detail in Appendix A, including the criteria to define if the planets are in the X-ray or EUV driven regime. Figure 2 shows our results for the mass loss rate of the SN and T2 planets, in which the red solid line represents the threshold for evaporating an envelope mass of ∼ 3M in 100Myr. We find that the SN and T2 planets have comparable mass loss rates. In particular, the mass loss rates of the T2 planets are not sufficient to photoevaporate a 3M ⊕ envelope in 100Myr.
DISCUSSION
The bulk composition and the atmospheric properties of the close-in low mass exoplanet population depends on their envelope loss due to the luminosity of the host star. Assuming that T2 and SN>H 2 O planets have the same core masses, the difference between the averaged masses of these two groups would represent the current envelope fraction of the SN>H 2 O, which is found to be 3M ⊕ . This value corresponds to the minimum envelope mass that should have been lost by the T2 planets in the first 100Myrs. However, we find that photoevaporation alone is not sufficient to explain the loss of a 3M ⊕ envelope in 100 Myrs. Therefore, this interpretation ap- pears to raise a question whether photoevaporation can create T2 planets from the escape of the atmosphere of the sub-Neptunes or if another process is required.
Another possibility is that the T2 and the SN>H 2 O have different core masses. To explore this hypothesis, we need to determine the core mass and the primordial envelope of the SN>H 2 O. To estimate the core mass of SN>H 2 O planets, we need to know the fraction of their current envelope mass. For that, we use the envelope fractions from Lopez & Fortney (2014) for a planet with 100F ⊕ and 5 Gyr, which corresponds to the average insolation and age of the SN>H 2 O. We find that for an average mass of 8M ⊕ for the SN>H 2 O, these planets should have an envelope fraction that corresponds to ∼ 4% of their mass, as indicated in Fig. 4 by a grey symbol. This implies that the current average envelope mass of the SN>H 2 O is 0.31 ± 0.20 M ⊕ , and the solid mass, 7.45 ± 4.70 M ⊕ , corresponds to the average mass of their core.
To estimate the primordial envelope masses of SN>H 2 O planets, we add to the current envelope (0.31M ⊕ ) the mass that was lost in the first 100Myrs, which was estimated previously with the envelope escape model and is found to be 0.8 ± 0.53M ⊕ (see Section 2). As result, we have an original envelope average mass of 1.12 ± 0.68 M ⊕ that represents 12.3 ± 3.7 % of the original mass of the SN>H 2 O planets (8.6 ± 5.28M ⊕ ). Interestingly, this value is similar to the envelope fraction of Neptune, which is ∼5 to 10% of its planetary mass (Hubbard et al. (1991) ).
In the case of the T2 planets, as they are bare cores, the averaged mass of this family is given by the mass of the core, which is found by Swain et al. (2019) to be 4.8 ± 1.8 M ⊕ . This value agrees well with theoretical predictions by Lee (2019) of 4.3 ± 1.3 M ⊕ for the core mass of super-Earths/sub-Neptunes. By adding the average mass lost due to photoevaporation in the first 100 Myrs (0.6 ± 0.52 M ⊕ ) to their core mass, we obtain the original mass of these planets (5.5 ± 2.27 M ⊕ ). This implies that the envelope lost corresponds to 10.3 ± 6.4% of the primordial mass, which is found previously for the primordial envelope of the SN>H 2 O, with the variations for individual planets being larger for the T2. The consistence in the primordial envelope fractions for the T2 and the SN>H 2 O planets suggests that these two groups originate from the same parent population (see Fig. 5 ).
We reach similar conclusions if the T2 planets lost their envelopes by the core-powered mass-loss mechanism (Ginzburg et al. 2018 ). Due to their short orbital periods, the maximum initial envelope fractions of the T2 population that can be lost is given by the energy limit, which sets the maximum thermal energy that can be stored in the core and that can unbind the atmosphere (see Gupta & Schlichting 2019a , for details). This limit yields maximum initial envelope fractions of about 14% for the T2 population.
We build an evolutionary track of the H/He envelope of super-Earths and sub-Neptunes in the mass-radius plane. We calculate the primordial envelope for each individual target using the approach described previously when we assume different core masses. In the case of the individuals SN>H 2 O, for the current envelope fraction we use the representative value of the population, which is 4% of their masses (see Fig. 4 ). To estimate the primordial radius, we compute the radius of the primordial envelope using Eq. 4 of Lopez & Fortney (2014) and added to the current radius. This result is shown in Figure 5 , in which the dashed lines connect the current T2 and SN>H 2 O to their primordial ones. The primordial T2 and SN>H 2 O have in average the same radius, which is expected as they have in average a similar primordial envelope fraction of ∼12% of their original mass. There are two cases in the T2 population where the primordial envelope is much lower than the rest of the population because these targets fall in the X-ray driven regime, exhibiting lower rates of mass loss. The primordial SN>H 2 O have larger total masses because their core masses are larger than the T2 planets. In addition, the mass distribution of the primordial and current T2 and sub-Neptunes planets shown in Fig. 7 , has a peak toward masses < 10M ⊕ , which is theoretically predicted by Lee (2019) . When examining the maximum envelope fraction these planets could have had as a function of core mass, as shown in Fig. 8 , we find a positive trend with a magnitude that is comparable to the roughly M 0.5 c scaling predicted by Ginzburg et al. (2016) for the end of the spontaneous mass loss phase.
Finally, to put the envelope lost in context, we estimate the fraction of the envelope lost by the SN>H 2 O in 100Myrs compared to their original mass, as shown in Fig. 6 . We find this fraction to be 1 for the T2 planets, indicating that they have lost all their envelope and became bare cores. In the case of the SN>H 2 O, as expected, they lost lower fractions, with an average fraction of 0.67M ⊕ . Therefore, under the assumption that T2 and SN>H 2 O have different core masses, the photoevaporation model can explain the lost of the envelope of the T2 planets in 100Myr. This illustrate how considering envelope loss is important and how it improves the sensitivity if a bulk composition analysis is taken into consideration. While the estimates of the core mass for the T2 and SN planets formally overlap at 1σ level, envelope loss modeling provides a compelling evidence that the cores of SN planets are indeed ∼65% more massive than the cores of the T2 planets.
CONCLUSIONS
When considering that the bare core super-Earths (T2) and the sub-Neptunes (SN>H 2 O) have the same core mass, we find that photoevaporation is not able to explain the loss of an envelope of 3M ⊕ in 100Myrs, that represent the difference in average masses between these two populations. When we assume that super-Earths and sub-Neptunes (SN>H 2 O) have different core mass (SN cores are 65% more massive), we estimate the primordial envelope for these two categories of planets and find that in average they are consistent with a typical envelope mass of ∼12% of their original mass, with the variations for individual planets being larger for the T2. This implies that T2 and SN>H 2 O are part of the same population. We visualized this in the evolutionary map ( Fig. 5 ) that tracks the trajectory of the current T2 and SN>H 2 O to their primordial values in the mass-radius plane. The primordial SN>H 2 O and T2 have in average same radius because they share the same envelope fraction. In terms of mass, the primordial sub-Neptunes SN>H 2 O have higher masses because they have higher core mass (7.45 ± 4.70 M ⊕ , in average) compared to the T2 (4.8 ± 1.8 M ⊕ ). The evolutionary track also shows that the primordial SN>H 2 O planets lost ∼70% of their original envelopes.
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APPENDIX

A. ENVELOPE ESCAPE MODEL FOR PHOTOEVAPORATION
In the initial stage of planet evolution, after disk dissipation, the activity of the host star can play a significant role in shaping the atmospheric structure of a planet. In particular, young solar-type and late type stars emit large amount of EUV and X-ray radiation which decays with age as the star spin-down (Tu et al. (2015) ; Jackson et al. (2012) ). Fully convective M dwarfs can also exhibit a rotation-activity relationship (Wright et al. (2018) ). Either X-ray or EUV (10nm-100nm) radiation can drive the atmospheric escape depending on the location of the ionization front created by EUV flux and the sonic point in X-ray-driven flow (Owen & Jackson (2012) ).
X-ray driven atmospheric escape will occur mainly in the early stage of the evolution of the star. When the X-ray luminosity falls below a critical value, atmospheric escape will transition to the EUV-driven regime, which is divided in two regimes depending on the EUV flux. At low F UV (< 10 4 erg cm −2 s −1 ), the mass loss is energy-limit, while at high F UV (> 10 4 erg cm −2 s −1 ) the mass loss is 'radiation/recombination limited' (Murray-Clay et al. (2009) ).
To determine if the atmospheric escape is X-ray or EUV driven we use the criteria from Owen & Jackson (2012) which is based on the EUV luminosity of the host star. Their criteria determines the EUV luminosity necessary for the ionization front to occur before the sonic point in the X-ray flow that will make the mass loss to become EUV dominated, and is given by:
A.1. EUV driven EUV radiation below 91.2 nm can be directly absorbed by atomic hydrogen because this is the limit that the photon has enough energy (hν 0 ≥ 13.6 eV) to ionize an H atom. Note that not all EUV can lead to hydrogen escape because some energy can be lost by radiation to space.
At low EUV flux, the escape is mainly energy-limited. This regime assumes that a portion of the heating energy of stellar irradiation contributes to PdV work that expands the upper atmosphere (Jin et al. (2014) ; Watson et al. (1981) ; Lopez et al. 2012 ). The energy-limit escape occurs when the planet has an available reservoir of hydrogen. The greater is the reservoir, the more EUV energy can be absorbed to drive the escape. If the reservoir is low, the EUV energy can be either absorbed and radiated back to space or conducted to the base of the expanding thermosphere. In the energy-limited approximation, the mass loss can be estimated using the approach from Murray-Clay et al. (2009):
where ε is the heating efficiency, F EUV is the EUV flux received by the planet, R base is the radius of the photoionization base, M p is the mass of the planet, and G is the gravitational constant. Here we adopted the same heating efficiency from Murray-Clay et al. (2009) where c s = [KT/(m H /2)] 1/2 is the isothermal sound speed, T = 10 4 K is the temperature at the sonic point, K is the boltzmann's constant, m H is the hydrogen mass, r s = G M p /(2c 2 s ) is the sonic point where the mass flow escapes the planet at sound speed and ρ s is the flow density at the sonic point, which is given by
with ρ base = n +,base m H (g/cm 3 ) at a photoionization base with τ = 1, and n +,base ∼ F EU V hν 0 α rec σ ν0 n 0,base 1/2 (A5) and n 0,base ∼ m H g (2σ ν0 KT )
where α rec = 2.7 × 10 −13 (T/10 4 K) −0.9 cm 3 s −1 and at a photon energy of hν 0 = 20eV, the cross section for photoionization of hydrogen is σ ν0 = 6 × 10 −18 (hν 0 /13.6 eV)) −3 cm 2 .
A.2. X-ray driven
When the stars are young, they rotate faster showing a high level of activity due to an increased dynamo action, and for this reason they have a strong emission of coronal X-rays Tu et al. (2015) . During this stage of evolution, the orbiting planets will be mainly heated by the strong X-ray flux Owen & Jackson (2012) . Here we calculate the X-ray driven mass loss using an energy-limited model from Jin et al. (2014) ; Owen & Jackson (2012) :
where M p is the planet mass, R p is the planet's radius at the optical depth τ = 2/3 in the thermal wavelengths, F X is the X-ray flux calculated using the X-rays luminosity at 100Myr from Núñez & Agüeros (2016) for a G, K and M stars, ξ = R roche /R p and
takes into account the enhancement in the mass loss by a factor of 1/K(ξ) due to the fact that the Roche lobe of a close-in planet can be close to the planets surface (Jin et al. (2014) , Erkaev et al. (2007) ).
